Tailings Storage Facilities (TSFs) are manmade geotechnical structures usually comprising a perimeter embankment, fill material (the tailings) and a water level control system. Key issues often raised in TSF operation are uncertainties surrounding likely seepage to the environment and accurate prediction of seepage surfaces for input into stability assessment. Critically, TSFs are much more complex than current numerical models conventionally assume. This paper presents techniques for investigating steady-state and drawdown seepage behaviour of TSF embankments using a fixed-beam geotechnical centrifuge. The development of experimental equipment for centrifuge testing is described and novel methods to preliminarily characterise model materials, using a "desktop" centrifuge, presented. Good agreement is found between experimental results from the fixedbeam centrifuge and those predicted by the GeoStudio SEEP/W software package for steady-state and drawdown conditions at all tested hydraulic gradients.
Introduction

1
It is becoming increasingly difficult to obtain a permit for a new mining op-2 eration. One of the abiding concerns is the 'social licence to operate', and key 3 issues often raised in this regard are uncertainty surrounding seepage predictions 4 for Tailings Storage Facilities (TSFs) for input into stability assessment. It might 5 be considered that seepage through a TSF is now a completely tractable problem. tionate effect on the seepage regime (Chang et al., 2011) . Furthermore, hydraulic 10 conductivities (k sat ) often decrease with depth due to consolidation (Edraki et al., 11 2014). These effects alone can result in reduced seepage rates to the environment 12 and have sometimes been used as justification for the omission of an underliner.
13
Use of commercially available software to analyse seepage through TSFs is 14 now relatively commonplace. Elegant pre-processing and finite element mesh re-15 finement techniques are widely available. It is also possible, to a limited extent, to 16 account for heterogeneous tailings parameters, such as anisotropic permeability.
17
The problem remains as to how the relevant parameters may be accurately and 18 routinely measured. It is therefore necessary to generate experimental data that 19 can be used to verify any numerical code, including those that will be produced 20 in the future. There are unfortunately no analytical solutions available for the 21 conditions described above that would enable their verification and calibration.
22
Geotechnical centrifuge modelling is now a well-established technique for in- 
34
These studies all used pressure measurement, digital image correlation (DIC) 35 and/or particle image velocimetry (PIV), to identify total head levels and the The equipment used in this investigation was based on that used by Suther- which markers were embedded to provide a grid of known, fixed coordinates.
67
The use of a Perspex screen allows reservoir fill and phreatic surface levels to be 
72
Pore pressures within the model during testing were measured using four where λ and n are the length and acceleration ratios between the model and the Table 1 somewhere near here)
115
The shape chosen for the model was typical of TSF embankments (see Fig-116 ure 5); a shallow slope was included on the U/S side to represent the tailings 117 pond. It should be noted that the lateral extents of prototype-scale TSFs are 118 much greater than the 37m half-width tested here; a realistic half-width would 119 be of the order of 500m. However, it was necessary to select a truncated profile 120 in order to fit the model within the strongbox whilst testing a sensible range of 121 reservoir head levels. of the pumping system when tested at n = 100. (Insert Table 2 somewhere near here) Canisters were then accelerated to n = 100 for a period of 7 days, allowing silt 170 to migrate into the underlying sand under gravity. Whilst it is acknowledged 171 that there is no seepage flow in the canister, migration is still possible due to the 172 varying gravitation field.
173
The reaming tool could not be used to determine the extent of silt migra-174 tion into the sand as it was not possible to obtain incremental samples from the 175 sand layer. An image-based technique was therefore devised to non-intrusively 176 examine the extent of silt migration, a summary of which is shown in Figure 9 .
177
Images of the side wall of each canister were taken from a fixed distance us- The pore pressure response for one complete testing cycle (i.e. a series of 233 U/S reservoir height increases followed by drawdown) are shown in Figure 11 .
234
An example extracted section of these data, corresponding to a period of steady- large spike is seen in Figure 11 at roughly 7600s; this was due to an error in 
264
• Correction for the average gravity acting on the water column; the gravita-265 tional field varies linearly with radius from the centrifuge hub, so that the 266 average gravity acting on the water column also varies with its length.
267
Total model head can be calculated from measured PPT pressures, P , via
where ρ w is the density of water at the testing temperature, g is the acceleration 269 due to Earth's gravity (i.e. 9.81 m/s 2 ) and n av is the average acceleration scale 270 factor for the water column. As n varies linearly with radius from the centrifuge 271 hub, n av is found from the average of the n values at the bottom and top of the 272 water column:
where r is the radius from the centre of rotation to the PPT location and R is 
Given the non-vertical orientation of the water column, the length-wise coordinate 279 of the top of the water column (i.e. the predicted location of the phreatic surface),
280
X m , must also be determined from the PPT lengthwise coordinate, x m , via
where ∆x m is additive or subtractive depending on whether the PPT lies to at these nodes is shown in Figure 15 . Notably, Figure 14 shows that predicted U/S head levels are consistently 305 lower (by much more than 0.3m) than those measured in the U/S reservoir. This 306 is unexpected, as U/S reservoir water levels were used as a boundary condition The reduction in U/S head level with time was determined directly from mea- sured data for the U/S PPT, as shown in Figure 11 , using an analysis period of 333 3.5×10 7 s.
334
As transient seepage modelling was used, estimates for material retention and 335 hydraulic properties were required. Initial estimates for material water retention 336 curves for silt and sand are shown in Figure 17 , based on data provided in Fred-337 lund and Xing (1994) and known values of e (Table 2) . Estimates for k sat were 338 obtained using
where C 0 = 8 for smooth particles, Figure 19 . Good agreement is seen in Fig-358 ure 18 between measured and predicted results throughout the embankment pro-359 file. This is also shown in Figure 19 , where errors are within ±0.4m and fall 360 evenly about the line of equality. Drawdown was largely complete after 3200s, 361 equivalent to roughly 370 days at n = 100. As discussed previously, however, the 362 larger lateral extents of full-scale TSFs mean that drawdown times in practice 363 are likely to be far longer than those found in this work, suggesting that pumping 364 might be required for decades in order to fully restore groundwater equilibrium.
365
Unlike in Figure 15 , both positive and negative differences are seen in Fig-366 ure 19. A potential cause of this error is the assumption that n = 100 at all provide data for improving current seepage prediction models. image-based analysis were also described, each providing rapid alternatives to 398 conventional testing methods.
399
Results for steady-state seepage through a homogeneous model were presented 400 and good agreement was found between measured results and those predicted for 401 an equivalent full-scale prototype using SEEP/W. A maximum error of 0.3m was 402 found between measured and predicted results, which was seemingly independent 403 of testing hydraulic gradient and attributed to assumptions made during numer-404 ical modelling. It was also demonstrated that flow through the model must be 405 designed so that it is parallel to the model base if seepage behaviour is to be 406 tested using equipment similar to that developed in this work. 
